Background--In this study, we sought to investigate the 2-year prognostic impact of B-type natriuretic peptide (BNP) levels at discharge, following transcatheter aortic valve replacement.
S
evere aortic stenosis (AS) is the most common cause of left ventricular outflow impairment. It is associated with high cardiovascular mortality, since its inhibition of outflow results in the reduction of stroke volume and results in concomitant acute decompensated heart failure (HF).
1,2 For decades, surgical aortic valve replacement has been one of the best treatments and is correlated with the significant prolongation of life expectancy in patients with severe AS. 2 In contrast, transcatheter aortic valve replacement (TAVR) has also recently been recognized as a viable therapeutic option in patients with high surgical risk, with the satisfactory midterm clinical outcome expanding the indication of TAVR to include patients at intermediate risk as candidates. [3] [4] [5] B-type natriuretic peptide (BNP) is a hormone released mainly by the cardiac monocytes of the left ventricle in response to pressure and volume overload. 6 The utility of BNP to stratify long-term mortality and/or cardiovascular risks has been established in patients with chronic HF, and some reports have even shown that BNP is a predictor of postoperative survival in patients with severe AS who underwent surgical aortic valve replacement. [7] [8] [9] [10] Although previous reports have also evaluated the association between BNP levels and prognosis in patients with AS who had undergone TAVR, these reports demonstrated some limitations. For example, several studies were performed with only a small number of patients evaluated. [11] [12] [13] Other limitations include the fact that only short-term prognoses, such as 30-day mortality, were assessed, or that most studies evaluated BNP on admission, prior to performance of the TAVR procedure. [13] [14] [15] Since TAVR results in a rapid release of the left ventricle from pressure overload, and BNP levels decrease immediately after the procedure as a result of their %20-minute half-life, we speculated that BNP at discharge should be used for risk stratification of long-term prognosis in patients who underwent TAVR. 16 Lastly, only a few BNP studies focused on hospitalization caused by HF, following TAVR, although BNP is well-known as an established biomarker of HF. [11] [12] [13] [14] [15] [16] [17] Hence, a study on the long-term prognostic impact of BNP levels at discharge that includes a large number of patients after TAVR is warranted. The objective of the present study is to investigate the impact of BNP levels at discharge on 2-year all-cause mortality and hospitalization for HF, and to provide risk stratification in patients with severe AS who underwent TAVR via enrollment of the largest study population to date (n=1094) from the multicenter prospective registry of TAVR.
Methods

Study Population
We analyzed data from 1094 patients who were enrolled in the OCEAN-TAVI (Optimized Transcatheter Valvular Intervention-Transcatheter Aortic Valve Implantation) registry, who were discharged alive with procedural success and had a record of BNP at discharge without active cancer present between October 2013 and July 2016 ( Figure 1 was determined based on the clinical consensus of a heart team comprised of cardiac surgeons, interventional cardiologists, anesthesiologists, and imaging specialists. Exclusion criteria were: (1) presence of a noncalcified aortic valve; (2) failed surgical bioprosthesis implantation; (3) presence of severe aortic regurgitation; and/or (4) the current use of dialysis. The study protocol was developed in accordance with the Declaration of Helsinki and was approved by the ethics committee of each participating hospital. All patients gave written informed consent prior to participating in this study. The authors had full access to the data and were responsible for its integrity. All authors read and agreed to the article as written.
Blood Sampling and BNP Measurement
Blood samples were drawn from the antecubital or other accessible veins such as the dorsal hand vein and collected in chilled EDTA test tubes at the time of hospital discharge following performance of TAVR. BNP levels were measured from an EDTA blood sample using a chemiluminescent microparticle immunoassay (ARCHITECT BNP assay, Abbot Laboratories Diagnostics Division; ADOVIA Centaur BNP assay, Siemens Healthcare Diagnostics Inc), ELISA (E-test
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TOSOH II BNP, Tosoh Bioscience) or chemiluminescent enzyme immunoassay (AIA-packCL BNP, Tosoh Bioscience; PATHFAST â BNP, LSI Medience Corporation; Lumipulse Prestol II, FUJIREBIO Inc). Each sample was measured at each institutional laboratory that it was taken in and was not measured at a core laboratory.
Data Collection and Statistical Analysis
All data shown in the tables and figures were collected from the OCEAN-TAVI multicenter prospective registry database. We set the primary end point as 2-year all-cause mortality after hospital discharge, since many previous studies also set the mortality as their primary end point. [11] [12] [13] [14] [15] The secondary end point for this study was set as 2-year hospitalization for HF, where the necessity of hospitalization was determined based on the attending physician's discretion without any prespecified criteria. Continuous variables were summarized using medians and interquartile range (quartiles 1-3), and categorical variables were summarized by means of counts and percentages. To provide a simple risk stratification model, we first classified our study patients into 2 groups according to survival classification and regression tree (CART) analysis for 2-year mortality. 18, 19 We performed survival CART analysis using the ctree function of the party package using 2-year allcause mortality as an outcome measure with BNP levels at discharge as an independent variable. The purpose was to identify the cutoff value of BNP for the risk stratification of 2-year all-cause mortality. After the survival CART analysis revealed the cutoff BNP value at discharge, we divided the study population into 2 groups based on this result to discern 2-year all-cause mortality. Thus, patients with BNP levels lower than or equal to the cutoff value were defined as the "low BNP group," whereas those with BNP levels greater than the cutoff value were defined as the "high BNP group." We evaluated the impact of high BNP on end points as compared with that of low BNP using univariable and multivariable Cox regression models with a cross-product term between BNP groups and sex for the assessment of sex difference with a P for interaction, including the following variables as possible confounders: Clinical Frailty Scale; Society of Thoracic Surgeons surgical mortality risk score; apical approach; postprocedural transthoracic echocardiographic indices, such as left ventricular ejection fraction; effective orifice area; mean aortic valve pressure gradient; the presence of moderate to severe aortic regurgitation; the presence of postprocedural acute kidney injury; and institution as a stratum. These confounders were determined clinically, considering the number of end points and multicollinearity. For example, information such as age, sex, and atrial fibrillation information were included in the analysis since they are used in the calculation of the Society of Thoracic Surgeons score. We also employed Akaike information criteria in order to select the best predictive Cox model for use. The incidence of each end point was estimated using the Kaplan-Meier method, with its 95% CI, and the difference between the BNP groups was evaluated using log-rank test. Differences in continuous and categorical variables between BNP groups were compared using the Wilcoxon rank-sum test or the chi-square test, respectively. Furthermore, we assessed whether the BNP stratification information would improve predictive accuracy for each end point by assessing time-dependent net reclassification improvement (NRI) and time-dependent integrated discrimination improvement (IDI) using the above-mentioned covariates as a basic model with or without BNP group information. Statistical analyses were performed using R software packages (version 3.1.1; R Development Core Team). The significance level of a statistical hypothesis testing was set at 0.05 and the alternative hypothesis was 2-sided.
Results
The patient characteristics are listed in (Table 1) . The median BNP level at discharge in the entire cohort was 186 pg/mL (quartile, 93-378) without a statistical difference between men and women (P=0.117), and the distribution is presented in Figure 2 . BNP levels at discharge were 299 pg/mL (130-487 pg/mL) in patients who underwent the transapical approach versus 173 pg/mL (90-347 pg/mL) in patients who underwent the transfemoral approach (P<0.001). The median time from TAVR to BNP measurement was 8 days (6-14 days), and hospitalization length was 10 days (7-15 days). Table 2 shows the procedure-related information. Most of the patients in this study received the SAPIEN XT valve (Edwards Lifesciences) with a median valve size of 23 mm. The percentage of patients who underwent the TAVR procedure with the transapical approach was 14.8%. Echocardiography revealed that the postprocedural mean aortic valve pressure gradient was 10.0 mm Hg and the effective orifice area was 1.60 cm 2 . Periprocedural complications including coronary occlusion, permanent pacemaker implantation, and acute kidney injury occurred in 0.9%, 8.3%, and 6.6% of the study's participants, respectively. During the 2-year follow-up period, there were 75 mortality events and 59 hospitalization events attributable to HF. Figure 3 shows the Kaplan-Meier estimates of each end point following discharge. All-cause mortality was 7.9% (95% CI, 5.8-9.9%) at 1 year and 15.4% (95 CI%, 11.6-19.0%) at 2 years, and hospitalization rates for HF were 6.6% (4.9-8.4%) at 1 year and 8.0% (95% CI, 5.8-10.2%) at 2 years. The survival CART analysis revealed that the discriminating BNP level at discharge to discern 2-year mortality was 202 pg/mL, and, therefore, we divided the study population into 2 BNP groups based on this result. Patients in the low BNP group were defined as having a BNP ≤202 pg/mL at discharge and patients in the high BNP group were defined as having a BNP >202 pg/mL at discharge.
Regarding comparisons between the low and high BNP groups, there were a number of significant differences in patient characteristics and procedure-related indices (Tables 1 and 2 ). The high BNP group had a higher proportion of factors associated with increased procedural risks, such as increased age, reduced left ventricular ejection fraction, and higher Society of Thoracic Surgeons and logistic Euro scores, than the low BNP group. In addition, the Kaplan-Meier estimates revealed that 2-year all-cause mortality and hospitalization rates for HF were higher in the high BNP group than in the low BNP group with log-rank P<0.001 in each end point (Figure 3) , ie, all-cause mortality was 11.4% (95% CI, 7.8-14.9%) versus 4.6% (2.3-6.8%) at 1 year and 20.5% (95% CI, 14.3-26.2%) versus 10.7% (95% CI, 6.1-15.2%) at 2 years, and hospitalization rates for HF were 11.6% (95% CI, 8.3-14.8%) versus 2.2% (95% CI, 0.7-3.6%) at 1 year and 13.6% (95% CI, 9.6-17.4%) versus 3.0% (95% CI, 0.8-5.1%) at 2 years in the high BNP and low BNP groups, respectively. Table 3 shows that high BNP had statistically significant impacts on outcomes with an adjusted hazard ratio of 2.28 (95% CI, 1.36-3.82; P=0.002) for all-cause mortality, and an adjusted hazard ratio of 4.88 (95% CI, 2.32-10.27; P<0.001) for hospitalizations attributable to HF in a standard multivariable model with a statistically significant difference between men and women for all-cause mortality (P=0.0495). In addition, the time-dependent NRI and IDI analyses revealed that incorporation of BNP group information with other clinical variables significantly improved predictive accuracy for 2-year 
Discussion
In this study, we investigated the impact of BNP levels at discharge on 2-year all-cause mortality and hospitalization for HF, while providing risk stratification cutoff values of BNP after TAVR via enrollment of the largest relevant study population to date (n=1094) from the multicenter prospective OCEAN-TAVI registry. We demonstrated that the best risk stratification BNP level at discharge was 202 pg/mL, and that elevated BNP levels (ie, in the high BNP group) were significantly associated with an increase in 2-year all-cause mortality and hospitalization rates for HF. In addition, timedependent NRI and IDI analyses revealed that the incorporation of BNP group information with other clinical variables significantly improved predictive accuracy for 2-year all-cause mortality. Since no previous studies have evaluated the direct relationship between BNP at discharge and patient prognosis following TAVR, our study could provide physicians with new insights into this field.
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Long-Term Mortality After TAVR Thus far, it is evident that BNP is a useful risk stratification marker in patients with HF, as well as in patients with severe AS. [7] [8] [9] [10] 20, 21 However, potential relationships between BNP levels and patient prognoses following TAVR were evaluated primarily based on BNP on admission in previous studies, and it should be noted that few of these focused on long-term prognosis. [12] [13] [14] For example, Koskinas et al 12 reported that the highest tertile group of BNP on admission was associated with higher 2-year all-cause mortality compared with the 2 lower tertile groups in their single-center study that included 340 patients. In contrast, O'Neill et al 22 suggested that BNP on admission was in fact not associated with 1-year mortality, based on data from 933 patients enrolled in the PARTNER (Placement of Aortic Transcatheter Valve) trial. Therefore, we performed this study to evaluate the long-term prognostic impact of BNP levels at discharge in patients who have undergone TAVR by enrolling the largest number of relevant study participants to date, using multicenter prospective OCEAN registry data. We revealed that elevated Figure 3 . Kaplan-Meier estimates of each end point. Kaplan-Meier estimates of (A) all-cause mortality after hospital discharge, and (B) hospitalization for heart failure (HF). In the multivariable model, the adjusted hazard ratio (HR) of high brain natriuretic peptide (BNP) as compared with that of low BNP was calculated by adjusting the following variables with a cross-product term between BNP groups and sex for the assessment of sex difference with a P for interaction: Clinical Frailty Scale, Society of Thoracic Surgeon (STS) score, apical approach, left ventricular ejection fraction, effective orifice area (EOA), mean aortic valve pressure gradient (AVPG), moderate to severe aortic regurgitation, acute kidney injury after transcatheter aortic valve replacement, and institution as a stratum. The Akaike Information Criteria (AIC) model selected Clinical Frailty Scale as a covariate for all-cause mortality, and selected STS score, EOA, and mean AVPG as covariates for hospitalization for heart failure (HF).
BNP levels at discharge were independently associated with higher 2-year all-cause mortality and that the incorporation of BNP group information with other clinical variables significantly improved predictive accuracy for determining 2-year all-cause mortality. Considering our results and the short half-life of BNP, we speculated that BNP at discharge would be more favorable for risk stratification of long-term prognosis than that on admission in patients who had undergone TAVR because the TAVR procedure releases the left ventricle from pressure overload immediately after the valve replacement.
Hospitalization for HF After TAVR
In the present study, elevated BNP was also independently associated with 2-year hospitalization for HF following TAVR. Furthermore, the hazard ratio for hospitalization for HF was much higher than that of all-cause mortality (4.88 versus 2.28). Although evidence has shown that BNP is useful in the diagnosis, management, and risk stratification of HF and that rehospitalization as a result of symptoms of AS, such as HF, is one of the most important outcomes to evaluate in TAVR cohorts, most previous studies regarding BNP in patients who underwent TAVR procedures did not focus on hospitalization for HF. 5, [11] [12] [13] [14] [15] [16] 23 As such, to the best of our knowledge, this is the first report to examine the association between BNP at discharge and hospitalization for HF following TAVR using a large cohort. Even though our results are intuitively understandable, this confirmation supported by clinical data may provide physicians with additional valuable information in this field.
Sex Difference
In this study, the proportion of male participants was relatively low (%30%) compared with studies in Western countries. [3] [4] [5] 24 Although several previous reports have reported higher BNP levels in women than in men among the general population, 25, 26 there was no statistical difference in BNP levels between men and women at discharge in our cohort. This sex disparity should be taken into consideration when interpreting our data. Interestingly, the impact of BNP levels on all-cause mortality among men in our study was statistically greater than that among women, with a P value for interaction of 0.0495. This is consistent with the findings of a previous report in patients with acute decompensated HF in which BNP at discharge predicted cardiovascular events in men but not women. 27 
Clinical Implication
Patients who undergo the TAVR procedure may present with multiple risk factors that can affect their clinical outcome. Therefore, it is helpful for physicians to have access to a simple risk stratification model to assist them with better managing their patients. BNP has been widely used for this purpose in many situations, such as in patients with HF. [6] [7] [8] [9] [10] Based on this viewpoint, we performed survival CART analysis and revealed that patients in the high BNP group, defined as patients with BNP >202 pg/mL at discharge, should be carefully monitored to help avoid the need for hospitalization for HF and/or decrease the potential for mortality.
Study Limitations
This study has several limitations. First, the BNP values collected were measured at individual OCEAN-TAVI registry institutions using different methods rather than at a single core laboratory. For example, it has been reported that ADOVIA Centaur from Siemens Healthcare Diagnostics Inc has relatively poor comparability with other assays (Table 4) . 28 However, 5 of 6 assays employed the same reagent (Shionogi & Co, Ltd), suggesting high comparability between assays (Table 4 ). In addition, multivariable Cox regression was performed, including each institution as a stratum, to consider the differences among BNP assays. Second, the decision to hospitalize patients based on the theory that their HF was worsening is an individual judgment made by each attending physician without adherence to any prespecified criterion, especially because this study was a prospective observational registry. Third, the proportion of men was relatively low in the OCEAN-TAVI registry as compared with studies in Western countries. [3] [4] [5] 24 Last, a direct comparison of the impacts of BNP on admission and at discharge was beyond the scope of this study and should potentially be evaluated as a next and different scientific objective.
Conclusions
Elevation of BNP at discharge is associated with 2-year allcause mortality and hospitalization for HF after TAVR.
